To tackle the issue of poor cycling stability for metal oxide nanoparticles as supercapacitor electrode, porous ZnO/Co 3 O 4 composites were fabricated via solid-state thermolysis of [CoZn(BTC)(NO 3 ](2H 2 O)(0.5DMF) under air atmosphere. The results demonstrate that the products are mesoporous polyhedron structure with the diameter of about 10 m, which are constructed by many interconnected nanocrystals with the sizes of around 20 nm. ZnO/Co 3 O 4 composites as supercapacitor electrode exhibited excellent cyclic stability capacity, showing a maximum specific capacitance of 106.7 F g −1 and a capacity retention of 102.7 F · g −1 after 1000 cycles at 0.5 A · g −1 . The superior electrochemical performance was contributed to ZnO/Co 3 O 4 composites with porous structures and small size, which shortened the route of electronic transmission as well as ions insertion and desertion processes. Additionally, the synergetic effect of bimetallic oxides improved the electrochemical stability.
INTRODUCTION
Electrochemical energy storage has drawn considerable attention in enabling utilization of renewable electricity generation due to climate change and decreasing availability of fossil fuels. 1 2 As an electrochemical energy storage device, supercapacitors (SCs) have many outstanding features, for instance high power density, long life span and fast recharge features. 3 Moreover, the performance of SCs has been greatly improved, as electrode materials have been tuned at the nanoscale and electrolytes have gained an active role currently in storing more energy than conventional capacitors and providing higher power than batteries. 4 With more rigorous requirements for hybrid electric vehicles, laptops, smart phones, and cameras, the energy density of SCs should be substantially increased without deteriorating the power density or cycle life. [5] [6] [7] Among the electrode materials for supercapacitor applications, extensive attention has been paid to investigate pseudocapacitive transition metal oxides, such as MnO 2 , 8 Fe 3 O 4 , 9 CuO, 10 NiO, 11 SnO 2 , 12 and Co 3 O 4 . 13 Among this * Authors to whom correspondence should be addressed.
wide variety of materials, Co 3 O 4 has attracted significant attention and become one of the most important functional materials due to its environmental friendliness, low cost, and favorable pseudocapacitive characteristics. However, the applications of Co 3 O 4 can be barely effectively utilized to SCs due to large volume expansion during electrochemical reactions, which results in poor intrinsic electrical cyclability. 14 Therefore, it is far from meeting the ever-growing requirements of the next-generation supercapacitors.
Recently, bimetallic oxides have attracted extensive interest for their enhanced characteristics over the single metallic oxide. 15 Zinc and/or Co oxides, being cost-effective, abundant resources, environmental benign nature, and as well as excellent thermal stabilities, are a kind of promising materials that have wide applications in supercapacitors, 16 lithium-ion batteries, 17 and gas sensors. 18 To enhance the electrochemical properties, exploring mild strategies to synthesize bimetallic oxides with porous structures is very important. Recently, Metal-organic frameworks ( 2 O were dissolved in 15 mL N ,Ndimethylformamide (DMF) with stirring at room temperature. After stirring for 10 min, the homogeneous solution was transformed into a Teflon-lined stainless steel autoclave with 50 mL capacity, and was kept at 100 C for 24 h. After cooling to room temperature, the precipitation was washed with ethanol and alcohol for several times, and then dried in a vacuum at 50 C for 12 h and obtained pink crystal precursor. The abovesynthesized precursor was put into a ceramic crucible and then heated to different temperature with a heating rate 1 C · min −1 , and maintained at the corresponding temperature for 30 minutes under air atmosphere to obtain porous ZnO/Co 3 O 4 composites. The samples at different calcination temperatures (400, 500, 600 C) were prepared for electrochemical performance test.
Characterization
The Fourier transform infrared (FTIR) spectrum of Zn, Co-MOF precursor was recorded on a Bruker Vector 22 spectrometer ranging from 4000-400 cm −1 . Powder X-ray diffraction (XRD) patterns were obtained on a Shimadzu XRD-6000 diffractometer using Cu-K g radiation (0.15406 nm). The field-emission scanning electron microscopy (FESEM) was performed on a ZEISS Merlin Compact and JEOL JEM-2100F. The elemental analysis was carried out with an energy-dispersive X-ray spectrometer (EDS, Oxford X-Max). The nitrogen adsorption-desorption isotherms and textural properties were determined on a Micromeritics Instrument Corporation sorption analyzer (ASAP2020). The thermogravimetric analysis (TGA) was carried out using a Mettler Toledo TGA/SDTA851 thermal analyzer under nitrogen atmosphere with a heating rate of 10 C · min −1 .
Electrochemical Measurements
All electrochemical measurements were performed on an Autolab PGSTAT302N potentiost at (Eco-Chemie) and tested in a standard three-electrode configuration equipped with a platinum plate and saturated calomel electrode (SCE) as the counter and reference electrodes, respectively. The working electrodes were fabricated according to the following process. The as-prepared material, carbon black and poly(vinylidenefluoride) (PVDF) were mixed with a mass ratio of 8:1:1 and dispersed in N -methyl-2-pyrrolidone (NMP). As a comparison, working electrodes of ZnO/Co 3 O 4 nanoparticles at different calcination temperature were fabricated by the above mentioned process. The as-made slurry was coated onto the graphite paper of about 1 cm 2 and dried at 60 C in 12 h. The area specific capacitance of the electrode is calculated from the discharge process according to the following equation:
is the specific capacitance, I is the discharge current, t is the total discharge time, V is the potential drop during discharge, and m is the mass of active materials in a single electrode, respectively. In this work, different concentration of alkaline hydroxides aqueous solution was utilized as the electrolyte and all measurements were performed at 298 K. The electrochemical performances of electrodes were characterized by cyclic voltammetry (CV) and galvanostatic chargedischarge (GCD) tests within a potential range from 0 to 0.5 V versus SCE at different scan rates and current densities. The electrochemical impedance spectroscopy (EIS) measurement was carried out in the frequency range from 0.01 Hz to 100 kHz at open circuit potential with an AC perturbation of 10 mV. 
RESULTS AND DISCUSSION
The FTIR spectrum of Zn, Co-MOF precursor was carried out at room temperature, as shown in Figure 1 (a). Four distinct characteristic absorption peaks at 1636, 1573, 1453, 1376 cm −1 are attributed to the antisymmetric stretching vibration and symmetric stretching vibrations from the C C of 1,3,5-benzentricarboxylic acid. The weak peak around 1109 cm −1 is ascribed to C-O stretching vibration. 22 The strong and broad peak at 3455 cm −1 is assigned to O-H stretching vibration, suggesting that the O-H of the carboxylate groups is partly deprotonated, which indicates that the COO− of H 3 BTC coordinates to Zn or Co in a monodentate mode. What's more, Figure 1( 20 The thermal stability of the precursor was performed by TGA under air atmosphere, as shown in Figure 1 The surface profile is the key factor for the electroactive materials in electrical storage applications, as can be observed from Figure 3 (a), the N 2 adsorption quantity of ZnO/Co 3 O 4 increased when the relative pressure was raised, which is very common in porous materials. The calculated results of the BET specific surface area is 37.2 m 2 · g −1 for the ZnO/Co 3 O 4 porous material. The pore sizes can be seen from Figure 3(b) , it is clear that the peak at 2.6 nm on the pore size distribution curves are narrow, which shows that the pore sizes are uniform. The pore size of ZnO/Co 3 O 4 composites derived from the adsorption branch using the BJH method are centered at about 22.7 nm, however the pore size distribution curves are broad. According to the morphology and structure characteristic, the pore structures can be attributed to the decomposition process that the ligands were removed and resulted in the formation of small pores. 24 The larger surface area can offer more active sites for the electrochemical reactions and ensure an efficient transport pathway between the electrolyte and active electrode materials.
Considering that porous ZnO/Co 3 O 4 composites show some advantageous features for supercapacitor application, the electrochemical behaviors were evaluated by CV, GCD and ESI. of ZnO/Co 3 O 4 composites in KOH electrolyte with different concentration at the scan rate 10 mV s −1 , which clearly demonstrates that the highest specific capacity (106 F g
was obtained when 6 mol L −1 KOH solution was used. According to the results, calcination temperature also has certain impact for the specific capacity of the supercapacitor, as shown in Figure 5 . The specific capacity of the product by calcination at 400 C is higher than those of the products by calcination at 500 C and 600 C, which may be attributed to that the product at 400 C has better conductivity.
Based on the above discussion, the ZnO/Co 3 O 4 composites were selected as by calcination at 400 C and the electrochemical performances were investigated using three-electrode mode by CV and GCD testing in 6 mol L the increased peak current suggests that there is a good reversibility during the fast charge-discharge process. composites and the relatively insufficient faradic redox reaction at higher current densities. The nonlinear chargedischarge profiles further verify the pseudocapacitance behavior. Figure 6( is attributed to that the specific porous structure of the porous ZnO/Co 3 O 4 electrode can serve as a robust reservoir for ions, and enhance the diffusion kinetics. The porous channels ensure efficient contact between the electrolyte and the surface of the electroactive particles. Moreover, the porous structures lead to higher specific surface area, which can provide many surface electroactive sites for redox pseudocapacitance and further improves the surface adsorption-desorption process of alkali cations. The advantageous high porosity can also shorten the ion transport/diffusion path that leads to fast kinetics for both electrons and ions within the oxides, resulting in reduced internal resistance and improved highpower performance. [26] [27] [28] To further understand the above electrochemical performances, Nyquist plot of porous ZnO/Co 3 O 4 electrode was investigated at fresh electrode, as shown in Figure 6 (d). 29 
CONCLUSION
In summary, ZnO/Co 3 O 4 composites were prepared on a large scale via solid-state thermolysis from Zn, Co-MOF crystal. The results revealed that the porous ZnO/Co 3 O 4 composites are assembled by numerous nanoparticles with the size of ∼20 nm, and possess hierarchical porosity with high BET surface area of 37.2 m 2 g −1 . Serving as an electrode material for supercapacitors, it exhibits excellent pseudocapacitance performance with a maximum specific capacitance of 106.7 F g −1 and a capacity retention of 102.7 F · g 1 after 1000 cycles at 0.5 A g −1 . The fascinating performances can be attributed to the improvement of pseudocapacitive reaction by porous ZnO/Co 3 O 4 electrode. It is expected that the facile solid-phase conversion approach can be viable extended to prepare other porous metal oxide-based functional materials with well-defined morphologies.
